A beam containing CH 4 , Cl 2 , and He is expanded into a vacuum chamber where CH 4 is prepared via infrared excitation in a combination band consisting of one quantum of excitation each in the bending and torsional modes ͑ 2 + 4 ͒. The reaction is initiated by fast Cl atoms generated by photolysis of Cl 2 at 355 nm, and the resulting CH 3 and HCl products are detected in a state-specific manner using resonance-enhanced multiphoton ionization ͑REMPI͒. By comparing the relative amplitudes of the action spectra of Cl+ CH 4 ͑ 2 + 4 ͒ and Cl+ CH 4 ͑ 3 ͒ reactions, we determine that the 2 + 4 mode-driven reaction is at least 15% as reactive as the 3 ͑antisymmetric stretch͒ mode-driven reaction. The REMPI spectrum of the CH 3 products shows no propensity toward the formation of umbrella bend mode excited methyl radical, CH 3 ͑ 2 =1͒, which is in sharp distinction to the theoretical expectation based on adiabatic correlations between CH 4 and CH 3 . The rotational distribution of HCl͑v =1͒ products from the Cl+ CH 4 ͑ 2 + 4 ͒ reaction is hotter than the corresponding distribution from the Cl+ CH 4 ͑ 3 ͒ reaction, even though the total energies of the two reactions are the same within 4%. An explanation for this enhanced rotational excitation of the HCl product from the Cl+ CH 4 ͑ 2 + 4 ͒ reaction is offered in terms of the projection of the bending motion of the CH 4 reagent onto the rotational motion of the HCl product. The angular distributions of the HCl͑ =0͒ products from the Cl+ CH 4 ͑ 2 + 4 ͒ reaction are backward scattered, which is in qualitative agreement with theoretical calculation. Overall, nonadiabatic product vibrational correlation and mode specificity of the reaction indicate that either the bending mode or the torsional mode or both modes are strongly coupled to the reaction coordinate.
I. INTRODUCTION
In contrast to stretch-activated reactions, [1] [2] [3] [4] [5] [6] the effects of bending ͑we shall refer to all nonstretching modes as bending modes for simplicity in what follows͒ excitation on atom+ polyatom reactions have been largely unexplored, and only a few, indirect experimental reports exist to date. [7] [8] [9] For example, Bronikowsi, Simpson, and Zare 9 observed minor effects of the bending vibration in the reaction H + D 2 O → HD + OD, whereas Woods, Cheatum, and Crim found decreased reactivity of Cl+ HNCO upon bending-mode excitation. Because the bending vibrations involve concerted motion of three or more atoms in a polyatomic molecule, correct theoretical modeling of the bending-mediated reactions requires a description of the polyatomic reagent beyond the simple, isolated reactive bond picture, and this fact imposes theoretical and computational challenges. 10, 11 Currently, there is no generally accepted view concerning the effects of bending vibrational excitation on bimolecular reactions, partly owing to the scarcity of experimental examples.
The enhanced reactivity of low-frequency bending-mode excited methane on the Cl+ CH 4 reaction has been implicated by several experimental and theoretical studies. Corchado, Truhlar, and Espinosa-Garcia 12 and Yu and Nyman 13, 14 showed that the 4 ͑bending͒ mode of methane adiabatically correlates to the 2 ͑out-of-plane umbrella bending͒ mode of the methyl radical product, and that this vibrational adiabat is closely coupled to the reaction coordinate. Therefore, they predicted that 4 excitation of methane should enhance its reactivity and produces more umbrella bending excited CH 3 ͑ 2 ͒ products. Quantum scattering calculations on the Cl+ CH 4 ͑2 4 ͒ reaction by Skokov and Bowman 15 predict a bimodal rotational distribution of the HCl products that directly reflects the initial bending vibration of the methane reagent. Experimentally, Kandel and Zare 16 measured the speed distributions and the spatial anisotropies of the methyl radical products from the reaction of Cl+ CH 4 ͑ =0͒, and found abnormally fast-moving methyl radical products. These abnormal speed distributions and the spatial anisotropy were explained by the enhanced reactivity of the residual 2 -or 4 -mode excited methane present in the supersonic expansion. Furthermore, they also proposed that the 2 -or 4 -mode enhancement could explain nonArrhenius behavior observed in low-temperature kinetics measurement of Cl+ CH 4 reaction. 17 Recently, Zhou et al. 18 reexamined the role of the spin-orbit-excited chlorine atom ͓Cl* ͑ 2 P 1/2 ͔͒ and excitation of the 2 -or 4 -mode excitation in the Cl+ CH 4 reaction. They found only a modest reactivity enhancement associated with 2 in which the methane is prepared in the 2 + 4 combination band by IR excitation. The photoloc technique 2 is used to obtain state-resolved differential cross sections ͑DCSs͒ of the products. Because the 2 transition is IR-inactive and intense IR radiation required for the direct excitation of 4 ͑1306 cm −1 ͒ is not readily available, excitation of the 2 + 4 combination band of methane offers a convenient route to the investigation of the effects of bending and torsional mode excitation on the Cl+ CH 4 reaction. Because the energy of the 2 + 4 mode ͑2855 cm −1 ͒ is nearly the same as that of antisymmetric stretch 3 mode ͑3019 cm −1 ͒, this reaction also provides an excellent opportunity to compare the outcome of two different, yet nearly isoenergetic vibrational excitations of methane as well. Therefore, we have made an extensive comparison of the dynamics for the reaction of Cl atoms with CH 4 ͑ 3 ͒ and with CH 4 ͑ 2 + 4 ͒. Figure 1 After a 60-100 ns time delay for the reaction to occur, the HCl or CH 3 products are state selectively ionized by 2 + 1 resonance-enhanced multiphoton ionization ͑REMPI͒. The resulting ions subsequently drift along the TOF tube and are detected by Chevron-type microchannel plates. The reactive signal from the vibrationally excited methane is distinguished from background ͑such as HCl impurity and reactive signal from the ground-state methane͒ by subtracting the signal with and without IR excitation on an every-other-shot basis.
II. ENERGETICS AND EXPERIMENTAL PROCEDURES
The linearly polarized 355 nm photolysis beam is generated by frequency tripling the fundamental of the output from a Nd: YAG laser ͑PL9020, Continuum͒. The IR radiation at 3.5 m is obtained by parametrically amplifying ͑in a LiNbO 3 crystal͒ 3.5 m radiation generated by differencefrequency mixing of 1.06 m radiation ͑Nd: YAG fundamental output, injection seeded͒ and the output of a dye laser ͑ND6000, Continuum; LDS821, Exciton͒ in another LiNbO 3 crystal. The light for the probe REMPI process is generated by frequency doubling ͑in a BBO crystal͒ the output of a dye laser ͑FL2002, Lambda Physik͒ pumped by a Nd:YAG laser ͑DCR-2A, Spectra Physics͒. For HCl detection, we use exciton LDS489; for CH 3 detection, we use an exciton DCM/ LD698 mix. The photolysis, IR, and probe beams are focused and spatially overlapped with the supersonic expansion using focal length= 50 cm lenses.
The rotational distributions of the HCl products are obtained by a method similar to that of Simpson et al. 2 The methyl radical products are detected via the 3p z 2 AЉ 2 − X 2 AЉ 2 transition. 23 A photoelastic modulator ͑PEM-80, Hinds International Inc.͒ flips the linear polarization direction of the photolysis laser between parallel and perpendicular to the TOF axis on an every-other-shot basis. The isotropic I iso = I ʈ +2I Ќ and anisotropic I aniso =2͑I ʈ -I Ќ ͒ components of the TOF profiles are used to extract the speed-dependent spatial anisotropy of the products ␤ prod ͑v͒, and the stateresolved DCSs by fitting these components to basis functions generated by a Monte Carlo simulation. 
III. RESULTS AND DISCUSSION
A. Reactivity enhancement upon 2 + 4 mode excitation of methane Figure 2 shows the action spectrum near the R branch of the 2 + 4 band, obtained by subtracting the CH 3 + ion signal produced on the 2 + 1 REMPI 2 1 1 band without IR excitation from the signal with IR excitation. The simulated IR absorption spectrum of the 2 + 4 combination band 21, 22 and partial assignment of the transitions are also shown for comparison. The IR spectrum of the 2 + 4 band is complicated by the interplay of the Coriolis-coupling and anharmonic perturbations. 22 In particular, Coriolis-coupling causes splitting of single rotational lines in the R branch to R ͑+͒ , R ͑0͒ , and R ͑−͒ sub-branches, depending on the coupling of rotational J and vibrational l 4 angular momenta. Anharmonic coupling further removes the degeneracy. The positive ͑enhancement͒ action spectrum faithfully follows the IR absorption spectrum, which unambiguously shows the enhanced reactivity caused by the 2 + 4 mode excitation. Similar action spectra are also obtained by monitoring the CH 3 ͑v =0͒ or HCl products ͑not shown͒.
A quantitative comparison of the relative reactivity enhancement by exciting the 3 and 2 + 4 modes is not straightforward because of the large difference in absorption cross sections between the two IR transitions ͑the 2 + 4 band absorption cross section is only ϳ5% of the 3 band cross section͒. With maximum fluence of our IR radiation, the 3 transition is heavily saturated, whereas the 2 + 4 transition is not saturated. Therefore, we are only able to set a lower bound for the relative reaction cross sections of the 2 + 4 and 3 mode-driven reactions, at this point. Figure 3 compares the action spectra of unsaturated R ͑0͒ ͑1͓͒ 2 + 4 ͔ and heavily saturated R͑1͓͒ 3 ͔ transitions, obtained by monitoring CH 3 ͑ 2 =1͒ products. Similar spectra are also obtained by monitoring CH 3 ͑v =0͒ products ͑not shown͒. Because of the significantly different degrees of power broadening of the two transitions, a comparison of the integrated areas of the lines is not appropriate. Therefore, we evaluate the amplitudes of the Lorentzian 24 ͑saturation and power-broadened͒ fits of the R ͑0͒ ͑1͓͒ 2 + 4 ͔ and R͑1͓͒ 3 ͔ transitions ͑monitor-ing CH 3 ͑v =0͒ and CH 3 ͑ 2 =1͒ products͒, and this analysis provides the amplitude ratio of R ͑0͒ ͑1͓͒ 2 + 4 ͔ : R͑1͓͒ 3 ͔ = 0.29± 0.14: 1 ͑the uncertainty of the ratio represents one standard deviation calculated from the three action spectra͒. From this ratio, we determine that the 2 + 4 mode-driven reaction is at least 15% ͑with 95% statistical confidence͒ as reactive as the 3 mode-driven reaction. One might argue that the observed reactivity enhancement may originate from the residual stretching mode character present in the eigenstate of 2 + 4 mode caused by a Fermi resonance. However, the stretching character in 2 + 4 mode is estimated to be only 2%, 25 and as we will show later on, the rotational distributions of the HCl͑v =1͒ products are markedly different from the distributions from Cl+ CH 4 ͑ 3 ͒ reaction. Therefore, we believe that observed reactivity enhancement is caused by the bending motion of the methane, not by the residual stretching character of the eigenstate of 2 + 4 . Yoon et al. 5 estimated the relative reactivities of the 1 ͑symmetric stretch͒ versus the 3 ͑antisymmetric stretch͒ mode of methane in the Cl+ CH 4 reactions by comparing the action spectra of 1 + 4 and 3 + 4 modes. Their estimate is based on the assumption that the reactivity of the 4 mode character in the stretch-bend combination mode eigenstates is negligible. Our result suggests that this assumption may not be valid. Our result is a direct experimental example of the reactive enhancement associated with the bending-mode excitation of a polyatomic reagent. Currently, we are unable to determine which mode in the 2 + 4 eigenstate is mostly responsible for the observed reactivity enhancement. In a onedimensional local-mode picture of the CH 4 bending vibration, the 2 and 4 modes appear equivalent. Theoretical calculations taking into account the full symmetry of the collision predict a marked reactivity enhancement associated with 4 4 , the fractional population of the CH 3 ͑ 2 =1͒ products from the Cl+ CH 4 ͑ 2 + 4 ͒ reaction is not greater than those from the Cl+ CH 4 ͑ 3 ͒ reaction. Figure 5 displays the rotational distributions for the HCl͑v =0͒ and HCl͑v =1͒ products from the Cl+ CH 4 ͑ 2 + 4 ͒ and Cl+ CH 4 ͑ 3 ͒ reactions obtained by a method similar to that described by Simpson et al. 2 For the HCl͑v =0͒ distribution, population with J Ͻ 3 cannot be recorded because of severe interference from the HCl͑v =0͒ background present in the expansion mixture. Consequently, the evaluation of the vibrational branching between the HCl ͑v =0͒ and HCl͑v =1͒ products is not possible. Overall, both HCl vibrational states exhibit cold distributions ͑rotational energy is less than a few percent of the total available energy͒, similar to other Cl+ hydrocarbon ͑CH 4 , C 2 H 6 , and C 3 H 8 ͒ reactions studied so far. This cold distribution has been attributed to the kinematic constraints of the heavy-light-heavy reaction systems. 26 The HCl ͑v =0͒ distributions from the Cl+ CH 4 ͑ 2 + 4 ͒ and Cl+ CH 4 ͑ 3 ͒ reactions are similar. On the other hand, the HCl ͑v =1͒ distributions are different for 2 + 4 and 3 mode excitations: the distribution from CH 4 ͑ 2 + 4 ͒ peaks at J =4 and has average rotational energy of 228 cm −1 , whereas the distribution from CH 4 ͑ 3 ͒ peaks at J = 1 and has only 41 cm −1 of average rotational energy. The difference in rotational distributions is surprising because the total energies of the two reactions are the same within 4%. Moreover, the total energy of the reaction with CH 4 ͑ 2 + 4 ͒ is lower than that of CH 4 ͑ 3 ͒. Our observation constitutes another example of mode-specificity in atom-polyatom reactions, where nearly 6 or Cl+ CH 4 ͑2 3 ͒, 4 formation of vibrationally excited HCl products can be explained by a simple collinear vibrational energy transfer from C-H to H-Cl oscillators, based on the local oscillator picture of the C-H stretching vibration. On the other hand, the formation of HCl͑v =1͒ products from the 2 + 4 mode mediated reaction is not likely to originate from a similar collinear vibrational energy transfer. Instead, we suggest that the formation of HCl͑v =1͒ product occurs through noncollinear vibrational energy transfer from the C-H bending motion to the HCl vibration. If we approximate the 2 + 4 mode as the tangential motion of H atoms around the central C atom in methane, efficient transfer of the bending energy into the HCl bond can be achieved with a significantly bent Cl-H-C transition state. Therefore, HCl͑v =1͒ products are rotationally excited by the torque experienced during the separation stage of the HCl and CH 3 products. In contrast, a collinear geometry is favored for the formation of the HCl͑v =1͒ products from the Cl+ CH 4 ͑ 3 ͒ reaction, and the rotational excitation of the HCl is small.
C. HCl product state distributions
Enhanced rotational excitation of the product upon bending-mode excitation of the polyatomic reagents has been theoretically predicted for the Cl+ CH 4 , 15 H+H 2 O, 11 and Cl+ HOD ͑Ref. 10͒ reactions. In particular, Skokov and Bowman 15 recently carried out reduced dimensionality quantum scattering calculations on the Cl+ CH 4 ͑2 4 ͒ reaction and predicted a bimodal rotational distribution of HCl products, which is caused by a "mapping" of the Franck-Condon-type for the bending-mode wave function onto the rotational distribution of the HCl product. Figure 6 shows the isotropic and anisotropic components of the core-extracted TOF profiles of HCl ͑v =0,J =6͒ ͓Fig. 6͑a͔͒ and HCl͑v =0,J =10͒ ͓Fig. 6͑b͔͒ products from the Cl +CH 4 ͑ 2 + 4 ͒ reaction, and HCl ͑v =0,J =5͒ ͓Fig. 6͑c͔͒ products from the C + CH 4 ͑ 3 ͒ reaction, obtained using the R-branch lines of the F-X ͑0,0͒ band. Poor signal-to-noise ratio prevented us from obtaining reliable TOF profiles of HCl ͑v =1͒ products, and only the HCl ͑v =0͒ products with J Ͼ 5 have a sufficiently large signal-to-background ratio to permit us to obtain the TOF profiles of HCl͑v =0͒ products.
D. Differential cross sections
The isotropic component of the TOF profiles provides the laboratory-frame product distribution, whereas the ratio of the anisotropic and isotropic component for a given laboratory velocity determines the spatial anisotropies of the product. The spatial anisotropy ͓␤ rxn ͑v͔͒ analysis of the state-selected HCl ͑v =0͒ products ͑not shown͒ indicate that majority of the HCl ͑v =0͒ products are formed in coincidence with CH 3 ͑v =0͒. Using this information, we convert the laboratory-frame speed distributions into the CM DCSs of the HCl ͑v =0͒ products, which are shown in Fig. 7 . The angular distributions of the HCl ͑v =0,J =6͒ and HCl ͑v =0,J =10͒ products from the Cl+ CH 4 ͑ 2 + 4 ͒ reaction show broad side/backward scattering, and this broad backward scattering is consistent with the results of the quantum scattering calculation for the Cl+ CH 4 ͑ 4 ͒ reaction by Yu and Nyman. 13 The DCSs of the HCl ͑v =0͒ product show a qualitatively similar trend ͑backward scattering͒ as the corresponding DCSs from the Cl+ CH 4 ͑ 3 ͒ reaction. It is interesting to note that the nearly thermoneutral channel, HCl ͑v =1͒ +CH 3 ͑v =0͒, shows a dramatic mode specificity in the rotational distribution, whereas the exothermic product channel, HCl͑v =0͒ +CH 3 , exhibits no or only marginal specificity in the rotational distribution and the DCS. One explanation can be given in terms of the difference in geometric constraints associated with the product channels. For nearly thermoneutral channels ͓HCl͑v =1͒ product channels͔, geometries of the transition state are likely to be restricted. As mentioned above, the Cl+ CH 4 ͑ 2 + 4 ͒ and Cl+ CH 4 ͑ 3 ͒ reactions have different transition state geometries that lead to HCl͑v =1͒ product formation. Therefore, we expect that this difference in the transition state is reflected in the DCSs and rotational distributions. We also expect that these geometrical restrictions are significantly removed for the exothermic channels in the CH 4 ͑ 2 + 4 ͒ and Cl+ CH 4 ͑ 3 ͒ reactions, which lead to mostly nonspecific behavior.
IV. SUMMARY AND CONCLUSIONS
In this work, we have compared the relative reactivities, product quantum state distributions, and differential cross sections of the Cl+ CH 4 ͑ 2 + 4 ͒ and Cl+ CH 4 ͑ 3 ͒ reactions. It is found that the Cl+ CH 4 ͑ 2 + 4 ͒ reaction is at least 15% as reactive as the Cl+ CH 4 ͑ 3 ͒ reaction. In strong contrast to theoretical predictions, we found no noticeable propensity for the formation of CH 3 ͑ 2 =1͒ in the Cl+ CH 4 ͑ 2 + 4 ͒ reaction. Instead, most of the CH 3 products are formed in the vibrational ground state. The HCl͑v =1͒ products from the Cl+ CH 4 ͑ 2 + 4 ͒ reaction show an enhanced rotational excitation as compared with the corresponding products from the Cl+ CH 4 ͑ 3 ͒ reaction. We propose that this rotational excitation can be explained in terms of the projection of the tangential motion of the C-H bond on to the rotational motion of the product. The differential cross sections of the HCl͑v =0͒ products show broad backward scattering behavior, which is in qualitative agreement with theoretical predictions on Cl+ CH 4 ͑ 4 ͒ reaction. Our results clearly demonstrate that the bending vibration modes ͑ 2 or 4 ͒ of methane play an active role in the reaction dynamics of atomic chlorine and methane.
